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of which heretofore only the (E)-isomer 1 was isolated and characterised by single crystal X-ray analysis, by Keefer et al. Molecule 1 was synthesised by the nitrosation of methylhydrazine in the presence of thallium(I) ethoxide (TlOEt) (Scheme 1b), as a highly crystalline material stable to hydrolysis, a property which is highly contrasting to other similar diazotates and explained by the possible covalent nature of the thallium(I) cation. The conguration was assigned by analogy with the very few (Z)-isomers, obtained by utilising the base induced decomposition of N-alkyl-nitroso-N-acyl derivatives (Scheme 1b). However, the exact mechanism detailing the preference of a particular congurational isomer remains speculative, since contrasting theoretical reports 8 exist about the type of the conformation of N-nitrosourea 7 in solvents, and furthermore, no consideration of the solvent was taken into account in determination of the anti/syn existence. Keefer and coworkers, 7 however, could not directly characterise thallium(I) (Z)-methanediazotate (3), citing its highly reactive nature, and that still remains a gap in the eld of thallium diazotates as well as in the larger case of covalent metal diazotates.
We became interested in the synthesis of (Z)-methanediazotate 3 and also in the theoretical basis for the formation of this diazotate along with the possibility of (Z)-(E) isomerisation under solvation. Thallium(I) alkoxides 7, 9 are unique bases owing to their covalent character and solubility in a range of organic solvents, even at low-temperatures, which is quintessential for monitoring reactions by low-temperature NMR analysis. Therefore, 15 N-labelled N-methyl-N-nitrosourea (7) was synthesised and reacted with TlOEt at À40 C in CD 2 Cl 2 , under constant monitoring by low-temperature NMR spectroscopy. was stable for only a few hours at À60 C, and decomposed completely to CH 2 N 15 N (conrmed by NMR as mentioned before), which led to an increase of the total diazomethane yield from 31% to 43%. Since the 1 H NMR data and high stability of the corresponding (E)-diazotate 7 1 (d ¼ 3.43), stable at RT, contrasts signicantly with the properties of the aforementioned species and because of the additional evidence obtained through 15 N NMR as well as 2D-NMR experiments, the structure of the highly elusive (Z)-diazotate 3 is now conrmed. Moreover, due to the existence of hindered rotation about N-N bond in N-nitrosoureas like 7 in different solvents, thereby, giving rise to syn/anti rotational isomers, it becomes essential to dene the preference of a particular rotamer in special solvents. This existence of rotational isomerism plays an important role about the outcome of the stereochemistry of the thallium diazotates 1/3.
Therefore, we performed high-level quantum chemical calculations pertaining to the anti/syn conformational isomerism of N-nitrosourea 7 as well as the (Z)/(E) congurational isomerism of 3/1. Low-level theoretical calculations, without any consideration of solvent contributions, have been performed before, regarding to ionic diazotates, but they cannot be extended to covalent diazotates like 1/3. 12 Furthermore, by comparing the isomerisation energetics to the mechanisms for the TlOPr induced formation of both diazotates from the corresponding conformers of 7 (Fig. 3) , we explain the occurrence of the thermodynamically less stable (Z)-isomer.
Scheme 2 Synthesis of diazotate 3 and subsequent decomposition to CH 2 N 15 N. The molecular geometries were optimised by TURBOMOLE V6. 19 Numerical frequency analyses were performed to characterise the stationary points and to obtain the zero point vibrational energy. 20 The freeh module was used to calculate the Gibbs free energy contribution at the reaction temperature (À60 C). We also performed CCSD(T)/cc-pVXZ 21 (X ¼ T, Q) calculations (with pseudopotential for Tl 22 ) and a subsequent CBS(34) extrapolation 23 according to eqn (1) and (2) as well as CCSD(T)(F12)/cc-pVTZ-F12 (ref. 24) (aug-ccpwCVTZ-PP basis for Tl 22 ) calculations to obtain highly accurate electronic energies. Additionally, we applied the focal-point method in eqn (3), using an MP2 increment to approach the CBS limit.
With the single-point energy E M , obtained by method M, and a Gibbs free energy contribution G À60 C as well as a COSMO solvation correction DE solv , both at the PW6B95-D3/ TZVPP level, the total Gibbs free energy of a structure is obtained as:
As shown in Table 1 , the reaction energy (DG react ) for the anti-syn isomerisation of 7 is positive, representing the higher stability of the anti-rotamer. In contrast, the (Z)-diazotate 3, which yields from the anti-rotamer, is less stable than the (E) form. Indeed, the experimental results show the formation of the (Z) isomer, which excludes a thermodynamic reaction control (Fig. 3) .
Furthermore, the activation barrier (DG act ) for the formation of the syn-rotamer is around 90 kJ mol À1 and therefore rather large, representing the hindered rotation. However, the direct isomerisation of 3 to 1 needs signicantly more activation (>190 kJ mol À1 ) and can thus be excluded. Also, the covalent nature of the Tl-X (X ¼ O, N) bond is supported by the Tl-O bond length in (Z)-diazotate 3 (2.42Å; Fig. 4 ), in accordance with published results. Considering the different highly accurate CCSD(T) methods to approach the complete basis set (CBS) limit, the relative energies of all three (Table 1 ) are in perfect agreement. Hence, the most efficient of them, the focal-point method in eqn (3), Fig. 3 Molecular structures, optimised with PW6B95-D3/TZVPP and COSMO (3 ¼ 8.9), for the reactions anti-7 / 3 (top) and syn-7 / 1 (bottom). Bond lengths (Å) have been depicted and the asterisk (*) represents the n-propyl group, which has been omitted for clear representation. Atoms are H (white), C (grey), N (blue), O (red), Tl (brown). c CBS(34) extrapolated CCSD(T)/cc-pVXZ according to eqn (1) and (2) provides a suitable accuracy and expensive CCSD(T)/cc-pVQZ or CCSD(T)-F12/cc-pVTZ-F12 calculations are not necessary for the more extended model system, which is used for the reaction mechanisms. Therefore, we modelled the mechanisms for the formation of 3 (respectively 1) from anti-7 (respectively syn-7) by using the focal-point method (Fig. 5) . Again, the higher stability of the anti-educt and the lower one of the (Z)-product can be seen. Furthermore, the rst reaction step, i.e. deprotonation of the urea by propoxide, is exothermic with a very low barrier in both cases. In contrast, the second step, i.e. the N-C bond cleavage, is endothermic for the (Z)-isomer and slightly exothermic for (E). However, this second step is rate-determining as it provides clearly larger activation energies of about 58 kJ mol À1 for (E) and 82 kJ mol À1 for (Z).
For completeness, we also calculated the rotation barrier for the intermediate (IM) of the reaction, i.e. the deprotonated N-nitrosourea, and obtained 126 kJ mol À1 . Thus, if an isomerisation took place, it would occur at the educt step, as intermediate and product structure provide signicantly higher rotation barriers. However, the barrier for the isomerisation of anti-7 (z90 kJ mol À1 ) is still larger than the ratedetermining step of the formation of 3 from anti-7 (z82 kJ mol À1 ). Thus, the formation of the thermodynamically less stable (Z)-diazotate 3 can be explained by kinetic reaction control.
Conclusions
In summary, synthesis and characterisation of the elusive thallium(I) Z-diazotate 3 has been achieved for the rst time. It was generated as a highly temperature and moisture sensitive entity by TlOPr induced decomposition of N-nitrosourea 7. performed at the CCSD(T) level, reveal a kinetic, rather than a thermodynamic control, for the mechanism of the (Z)-diazotate 3 formation. Indeed, the (Z)-diazotate is thermodynamically less stable than the (E) form, but generated from the more stable anti-conformer of nitrosourea 7. Furthermore, the anti/ syn rotational isomerisation is hindered and features even a larger activation energy than the rate-determining step within the formation of title compound 3. N-Methyl-N-nitrosourea is a highly potent carcinogen, therefore, great precautions should be taken while handling it. Thallium(I) propoxide is a toxic compound and should be handled in accordance with safety protocols. Thallium (E)-diazotate can also lead to spontaneous explosions, 7 therefore great care must be exercised while handling the highly reactive (Z)-diazotate. 5 Energy pathways for the reactions anti-7 / 3 (blue) and syn-7 / 1 (red). Gibbs free energies are calculated with the focal-point method (eqn (3)) for E M respectively with PW6B95-D3/TZVPP (G À60 C , DE solv ) and shown relative to anti-7.
